The effects of nitrogen incorporation into the In 0:4 Ga 0:6 As 1Àx N x /GaAs single quantum wells (SQWs), where x ¼ 0:5 and 2%, grown on GaAs substrates by metalorganic chemical vapor deposition (MOCVD) were investigated using photoluminescence (PL) and high-resolution transmission electron microscopy (HRTEM). The evolution of the excitation-dependent PL and PLpeak position with temperature between 10 and 300 K shows that quantum-dot-like states occurred at that high nitrogen incorporation (x ¼ 2%) and were confirmed by an HRTEM image which showed small dark regions about 2 -3 nm in size was found in the interface of In 0:4 Ga 0:6 As 0:98 N 0:02 and GaAs. Our investigations indicate that high nitrogen incorporation into the In 0:4 Ga 0:6 As 1Àx N x /GaAs system influenced carrier localization and might cause the formation of the dot-like states.
Introduction
Long-wavelength vertical cavity surface-emitting lasers (VCSELs) are essential devices in optical fiber metropolitanarea networks (MAN).
1) The InGaAsN quaternary alloy system has attracted considerable interest in recent years due to its ability to grow on GaAs substrates and because of its emission in the 1.3 -1.55 mm wavelength range. 2, 3) The large conduction band offset leads to an improvement in temperature performance greater than that of conventional InPbased materials. 4, 5) The GaAs system can be used in highperformance AlGaAs/GaAs distributed Bragg reflector (DBR) mirrors and enables the use of the well-established oxide-confined GaAs-based VCSEL manufacturing infrastructure. 6, 7) However, the lasing wavelength of most InGaAsN-based lasers is limited to approximately 1.3 mm, because of difficulties in growing high-quality InGaAsN/ GaAs quantum-well (QW) structures with high content of In or N. First, for difficulty in growing high content of In, a higher In composition increases the compressive strain to a critical point at which the structural quality of the layer undulation of the interfaces begins to show plastic relaxation; 8) Second, for difficulties in growing high content of N, not only is it difficult to incorporate N into the InGaAs QW, but the introduction of N into a QW decreases the lattice parameter of the alloy. Therefore, the strain in the layer causes its emission wavelength to shift to longer wavelengths. Furthermore, larger N concentrations broaden the luminescence linewidth of the alloys, increasing the non radiative (monomolecular and Auger) recombination, and thus lowering the material gain and increasing transparency carrier density. 9, 10) Recently, Chang et al. found that incorporating nitrogen at a content exceeding 0.7% in InGaAsN significantly reduced the laser characteristics and temperature of the laser performance. 9) Consequently, understanding the influence of nitrogen in the InGaAsN QW is particularly important.
In this work, we present the results of studies on the influence of various nitrogen contents (x ¼ 0:5 and 2%) on the optical properties, including the carrier localization and material properties, of In 0:4 Ga 0:6 As 1Àx N x /GaAs QWs. Detailed analyses of power-and temperature-dependent photoluminescence (PL) and high-resolution transmission electron microscopy (HRTEM) measurements were carried out to clarify the crystal and interface quality of InGaAsN-GaAs.
Experiments
All samples investigated were grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVD). AsH 3 and PH 3 as hydride sources were supplied as the group-V precursors, the trimethyl precursors of gallium (Ga), aluminum (Al), and indium (In) acted as the group-III precursors, and the N precursor was U-dimethylhydrazine. The active regions were all based on a 60 A In 0:4 Ga 0:6 -As 1Àx N x QW sandwiched between GaAs (100 A)-GaAsP (75 A) materials. A diagram of the structure is shown in Fig. 1 . Moreover, the In and N contents of the InGaAsN material were determined via PL, X-ray diffraction and secondary ion mass spectrometry. The details of growth conditions have been published elsewhere. [11] [12] [13] The values of the N composition x in the structures were 0.5 and 2% for samples A and B, respectively.
The surface morphology of the sample was determined by optical microscopy and atomic force microscopy (AFM). Roughness analysis indicated that smooth and mirror like surfaces (on the nanoscale), which are exactly like that of a GaAs homoepitaxial layer, can be achieved under optimized growth conditions. Cross-sectional TEM thin foils were prepared through mechanical polishing followed by argonion milling. The PL was excited by the 514.5 nm line of an Ar þ -ion laser focused to a spot with a minimum diameter of 40 mm. All samples were placed in a closed-cycle cryostat with a temperature controller ranging from 10 K to room temperature. The luminescence was dispersed with a doublegrating monochromator (Spex Triax 320) and equipped with a thermo-electrically cooled InGaAs detector.
Results and Discussion
The PL spectra of the excitation-power dependence of samples A and B measured at 10 K are shown in Fig. 2 . The range of excitation power was from 0.2 to 27.5 mW. Figure 2 (a) presents a series of spectra recorded at various excitation powers for sample A. A clear tendency of a blue shift with increasing excitation power is observed. As shown in Fig. 2(b) for sample B, only one peak appears under low excitation power, just as in sample A. However, one peak appears on the high-energy side with increasing excitation power, starting as a shoulder under an excitation power of 4 mW, and then becomes a clean peak at 0.9 eV under an excitation power of 8 mW. Finally, the peak on the highenergy side dominates over the initial peak under low excitation power (on the low-energy side). This phenomenon is most likely a feature of quantum dots (QDs) resulting from carrier localization and a more efficient recombination through QDs, which has been observed in other III-nitride semiconductor alloys. 14) To further explore the properties of emission, the temperature dependence of the PL was evaluated on both samples under an excitation power of approximately 27.5 mW, and the spectra are shown in Fig. 3 . The variation of peak position with temperature can be attributed to the effect of the extension of the lattice and the electron lattice interaction. Both samples A and B clearly show remarkable broadening of their full width at half maximum (FWHM). The inhomogeneous and temperature-dependent homogenous parts are known to contribute to the luminescence broadening. 15) Figure 3(a) shows the peak in the PL emission of sample A centered at 1.042 eV with a FWHM of 30 meV at 10 K. A single symmetrical peak was observed in PL spectra when the temperature was below 190 K. As the temperature increased above 190 K, the PL spectra broadened thermally and showed a lower intensity as expected. Notably, unlike those of the symmetric low-temperature PL spectra observed for sample A, two main emission peaks were observed at 0.882 and 0.909 eV at 10 K for sample B, as showen in Fig. 3(b) . As the temperature increased, the high-energy peak apparently persisted around 0.905 eV, while the low-energy peak continued to shift to lower energy (red shift). The PL emission of sample A and the low-energy band of sample B both showed the typical behavior of bandgap emission: a decrease in the emission energy with increasing temperature due to thermal expansion, which is well described by the Varshni model 16) (not shown here). The trends of both temperature insensitivity and increase in intensity with excitation power reveal that the extraordinary peak on the high-energy side of the PL emission observed in sample B may originate from quantum-dot-like states. The high emission energy of the 0.9 eV band might be due to a quantum-confined induced shift, while the persistence of the high-energy peak with temperature can be understood by considering the lower electron-phonon interaction in the dot-like structure. Nevertheless, the intensity of the highenergy peak decreased faster with temperature than both the low energy peak and the high-energy shoulder of the 0.9 eV band decreased with temperature. This thermal quenching behavior of the high-energy peak of sample B might be attributed to trapped excitons or carriers thermalizing from localized regions as a result of potential fluctuations in QDlike states. Further increases in temperature degrade the PL intensity because of the recombination of the thermally activated carriers by a nonradiative mechanism in the sample.
In order to directly investigate the crystal quality and the interface of both single-QW (SQW) samples and to obtain further evidence of the dot-like structure of sample B, highresolution TEM (HRTEM) images were taken and are shown in Fig. 4 . A very clear interface of In 0:4 Ga 0:6 As 0:995 N 0:05 SQW was obtained on the atomic-layer level [ Fig. 4(a) ], whereas no dislocations were observed in low-magnification images. Numerous studies have reported that a suitable amount of nitrogen incorporation into InGaAs could reduce net strain. 17, 18) Additionally, the HRTEM image of sample A shows very high crystallinity without extended structural defects, which is similar to the crystallinity of conventional III-V materials. Notably, for sample B with 2% nitrogen content (In 0:4 Ga 0:6 As 0:98 N 0:02 SQW), small dark regions about 2 -3 nm in size were formed in the interface as shown in Fig. 4(b) , implying the possibility of the formation of quantum-dot like states.
The origin of quantum-dot-like states is not well understood, and there are relatively few reports of InGaAsN/ GaAs QDs. [19] [20] [21] [22] [23] These results show experimental evidence of the three-dimensional (3D) growth mode in samples with 2% nitrogen content. This phenomenon most likely occurs due to the influence of various nitrogen contents on growth model transitions, i.e., two-dimensional (2D) to 3D growth, to minimize the free energy while increasing the nitrogen content. Moreover, theoretical studies have shown that island formation results from the competition between strain relaxation and surface energy. 24) A crucial factor in the control of 3D island growth is the lattice mismatch among the island material, the underlying substrate and the surrounding matrix. The introduction of nitrogen into a system with high compressive strain (InGaAs and GaAs substrate) can reduce the average strain, but the local strain around N atoms may increase because of the small radius of the nitrogen atom compared with that of arsenic. The effect of this local strain may enhance the 3D growth mode. Furthermore, Herrera et al. proposed that the introduction of N could be responsible for the enhanced phase separation. 23) The presence of phase separation could also reduce the energy barrier locally for the transformation into stable 3D islands. From TEM, temperature-and excitation-dependent PL measurements, the 3D growth mode can be easily organized under high nitrogen content, although the mechanism of the formation of QDs in InGaAsN SQW is not yet well known. Therefore, a more detailed analysis, including thermodynamic and kinetic constraints, is required to determine whether the quantum-dot-like states are energetically favorable in InGaAsN alloys with high nitrogen content.
Conclusions
We have investigated TEM, temperature-and excitationdependent PL measurements on In 0:4 Ga 0:6 As 1Àx N x SQWs (x ¼ 0:5 and 2%) grown by MOCVD. The In 0:4 Ga 0:6 As 0:995 -N 0:005 SQW shows smooth interface and good PL emission properties, which were attributed to band-to-band emissions. 10 K. For high nitrogen content (x ¼ 2%), the interface was rough and was observed to have dark island regions. Two peaks in the PL emission were observed at 0.882 eV and 0.909 eV at 10 K. The peak at lower energy may be from the band-to-band transition, while the higher-energy peak may be due to the quantum-dot-like state confirmed by the insensitivity to temperature in temperature-dependent PL measurements. It becomes dominant under high pumping energy which might result from carrier localization and more efficient recombination through the quantum-dot-like state.
Our experimental results indicate that nitrogen not only has an influence on carrier localization but also is critical to the formation of QDs.
